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a minimal introduction ... 
• FCNC process can occur only via quantum-loop transitions strong suppression due to CKM 

hierarchy → 

• New Physics contribution can arise at the same level of or larger than SM

• Many results already presented on Monday (see slides here)

ℬ ∼ 10−6 − 10−10
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... and a glimpse of the detector and upgrades

3

• Large  cross section

•  produced at low angle → 

forward spectrometer

• b-hadrons produced with large 

boost → excellent vertex resolution 

for background reduction  

pp → bbX

bb

• Excellent muon identification (εµ = 98%) and low misID εh→µ ~ 0.5%
• High trigger efficiency on B decays with muons 

(εµ~90%)

• Well suited for  analysesb → sℓℓ

ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4
• full software trigger and readout all detectors at 40MHz
• replace tracking detectors + PID + VELO and � ~ 2 x 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 
• Use new detector technologies + timing to increase � ~ 1.5 x 1034 sec-1 cm-2

Preparing the 
detector for a 
bright future!
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Purely leptonic rare decays
• Theoretically clean, additionally suppressed by helicity

•
•

• LHCb results @ Run1+1.4fb–1:

•
•

• Main systematics from  and BF of normalisation mode

• At 300fb–1 (with conservative assumption on sys ~4%):

•
•

ℬSM(B0
s → μ+μ−) = (3.66 ± 0.14) × 10−9

ℬSM(B0 → μ+μ−) = (1.03 ± 0.05) × 10−10

ℬ(B0
s → μ+μ−) = (3.0 ± 0.6+0.3

−0.2) × 10−9

ℬ(B0 → μ+μ−) < 3.4 × 10−10 @ 95 % CL

fs/fd

Δℬ(B0
s → μμ) ∼ 0.16 × 10−9

σ(ℬ(B0 → μμ)/ℬ(B0
s → μμ)) ∼ 10 %
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LHC combination
• Combination of the measurements 

from ATLAS, CMS, and LHCb based 
on Run-1 and 2016 data samples:

•

•

• Compatibility with the SM in 2D: 
2.1σ

ℬ(B0
s → μ+μ−) = (2.69 + 0.37

− 0.35) × 10−9

ℬ(B0 → μ+μ−) < 1.9 × 10−10 @ 95 % CL
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LHCB-CONF-2020-002

CMS PAS BPH-20-003 
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Prospects for B0
s → μ+μ−

• In MSSM 

• With full Run1+Run2  can be reached → Together with ATLAS and CMS 
, which is the expected uncertainty at the end of Run4 for LHCb only 

• Complementary to direct searches of ττ resonances 

ℬ(B0
s → μμ) ∝ tan6 β/m4

A

σ(ℬ(B0
s → μμ))/ℬ(B0

s → μμ) ∼ 14 %
σ(ℬ(B0

s → μμ))/ℬ(B0
s → μμ) ∼ 7 %
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FIG. 5. Current constraints in the mA - tan � plane in the MSSM scenario discussed in the text. The dark
and light green shaded regions are allowed by the BR(Bs ! µ+µ�) measurements at the 1� and 2� level.
The black hatched region is excluded by direct searches for ⌧+⌧� resonances. Throughout the plot the light
Higgs mass is mh = 125 GeV.

The sensitivity of the current branching ratio measurements to MSSM parameter space is illus-

trated in Fig. 5. The dark and light green regions correspond to the regions where BR(Bs ! µ+µ�)

is compatible with the measurements at the 1� and 2� level. The white region is excluded by

BR(Bs ! µ+µ�) by more than 2�. We observe two distinct regions of parameter space. As ex-

pected, there is (i) a broad region for small tan � and large mA corresponding to a NP amplitude

A ⌧ 1, and (ii) a thin stripe for larger values of tan � where A ' 1 that also agrees well with the

measured branching ratio.

In the plots of Fig. 6 we show the mA - tan � plane in the two future scenarios discussed above.

While the size of the A ⌧ 1 region and the A ' 1 stripe is shrinking with more precise data,

the branching ratio measurement alone cannot exclude the A ' 1 scenario that corresponds to a

sizable new physics contribution. The sensitivity of future measurements of the mass-eigenstate

rate asymmetry A�� is also shown in the plots. The blue hatched regions correspond to A�� < �0.6

(left plot) and A�� < 0.4 (right plot). We can clearly see that that future measurements of A��

can cover unconstrained parameter space and fully probe the A ' 1 region.

Finally, we discuss the complementarity of the Bs ! µ+µ� observables and direct searches for

the heavy Higgs bosons. The main production modes of heavy neutral Higgs bosons H and A in

the MSSM are either gluon fusion or, at large tan �, production in association with b quarks. In

the parameter regions that we are mainly interested in, namely multi-TeV Higgs bosons and large

tan �, we find that the production in association with b quarks is by far dominant.

The corresponding production cross section can be easily obtained by rescaling known SM

results

�
bb̄

(H/A) =
t2
�

(1 + ✏bt�)2
⇥ �

bb̄
(H/A)SM , (29)
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Figure 5. Current constraints in the mA - tanβ plane in the MSSM scenario discussed in the text.
The dark and light green shaded regions are allowed by the BR(Bs → µ+µ−) measurements at
the 1σ and 2σ level. The black hatched region is excluded by direct searches for τ+τ− resonances.
Throughout the plot the light Higgs mass is mh = 125GeV.
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Figure 6. Expected sensitivities in the mA - tanβ plane in the MSSM scenario discussed in the
text. Left: integrated luminosities of 50 fb−1 at LHCb and 300 fb−1 at CMS and ATLAS. Right:
integrated luminosities of 300 fb−1 at LHCb and 3000 fb−1 at CMS and ATLAS. The dark and light
green shaded regions will be allowed by the expected BR(Bs → µ+µ−) sensitivity at the 1σ and
2σ level, assuming the SM rate. The black hatched region could be excluded by direct searches
for τ+τ− resonances assuming no non-standard signal. The blue hatched region can be covered by
measurements of the mass-eigenstate rate asymmetry A∆Γ. In both plots the light Higgs mass is
mh = 125GeV.
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Electroweak penguins: an example

•

  

• , ,   depend on   and  and FF → large 
uncertainty at leading order 

• Re-parametrisation of the angular coefficients with 
reduced dependency on FF 
                                          

1
d(Γ + Γ)/dq2

d3(Γ + Γ)

d ⃗Ω
=

9
32π

[ 3
4

(1 − FL)sin2 θK + FL cos2 θK

+ 1
4

(1 − FL)sin2 θK cos 2θℓ

−FL cos2 θK cos 2θℓ + S3 sin2 θK sin2 θℓ cos 2ϕ
+S4 sin 2θK sin 2θℓ cos ϕ + S5 sin 2θK sin θℓ cos ϕ

+ 4
3

AFB sin2 θK cos θℓ + S7 sin 2θK sin θℓ sin ϕ

+S8 sin 2θK sin 2θℓ sin ϕ + S9 sin2 θK sin2 θℓ sin 2ϕ]

FL AFB Si C7 C9 C10

P′ 5 =
S5

FL(1 − FL)
7

B0 ! K ⇤0µ+µ�

⌘ Differential decay rate of B0 ! K⇤0µ+µ�:K⇤0µ+µ� signal can therefore be written as

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

=
9

32⇡

�
3
4(1 � FL) sin2 �K + FL cos2 �K (4)

+1
4(1 � FL) sin2 �K cos 2�l

�FL cos2 �K cos 2�l + S3 sin2 �K sin2 �l cos 2�

+S4 sin 2�K sin 2�l cos � + S5 sin 2�K sin �l cos �

+4
3AFB sin2 �K cos �l + S7 sin 2�K sin �l sin �

+S8 sin 2�K sin 2�l sin � + S9 sin2 �K sin2 �l sin 2�
�
.

Additional sets of observables, for which the leading form-factor uncertainties cancel,
can be built from FL and S3 through S9. Examples of such “optimised” observables
include the transverse asymmetry A(2)

T [22], where A(2)
T = S3/(1 � FL), and the P 0 series of

observables [23], with, for example, P 0
4,5 = S4,5/

�
FL(1 � FL).

At LHCb, the K⇤0 is reconstructed through the decay K⇤0 ! K+⇡�. In addition to
the resonant P-wave K⇤0 contribution to the K+⇡�µ+µ� final state, the K+⇡� can also
be in an S-wave configuration. The addition of an S-wave component introduces two new
complex amplitudes, AL,R

S , and results in six additional angular terms. The new angular
terms are given in the lower part of Table 1. In the analyses described in Refs [1, 7] the
S-wave pollution, which is expected to be on the order of ten percent, was treated as a
systematic uncertainty. The introduction of a K+⇡� system in an S-wave configuration
modifies the angular distribution to

1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
S+P

= (1 � FS)
1

d(� + �̄)/dq2

d3(� + �̄)

d��

����
P

(5)

+
3

16⇡
FS sin2 �` + S-P interference

where FS denotes the S-wave fraction and S-P interference refers to the terms in Table 1
that depend on both the P- and S-wave amplitudes.

For the present analysis, an unbinned maximum likelihood fit is used to determine
the CP -averaged observables FL, AFB, and S3 through S9. The S-wave observables are
explicitly included as nuisance parameters. The data are analysed in approximately
2 GeV2/c4 q2 bins and measurements are also made in wider 1.1 < q2 < 6.0 GeV2/c4

and 15.0 < q2 < 19.0 GeV2/c4 bins for which there are particularly precise theoretical
predictions (see Tables 2 and 3 for details).

3 Detector and simulation

The LHCb detector [24,25] is a single-arm forward spectrometer covering the pseudorapidity
range 2 < � < 5, designed for the study of particles containing b- or c-quarks. The detector

3

⌘ Fit also for S-wave observables (not shown)
⌘ Si terms depend on short- and long-distance parameters

K.A. Petridis (UoB) IPPP September 2017 IPPP UK Flavour 6 / 19

The B0 ! K ⇤0(K+⇡�)µ+µ� decay

⌘ The decay probability and angular distribution of decay products described
by 3 angles and the dimuon mass squared (q2)

Observables from the angular distribtion
For B0 � K�(892)0(� K±��)µ+µ� decays...

� P � V V 0 (pseudoscalar to vector-vector)
� Vector K⇤(892) =� angular distribution, as well as rate, is interesting

B0

K* 0

K+

π - μ -

μ+

θK
θℓ

φ

� 3 angles, and q2

˘
�K , ��, �, q2¯

� Angular distribution �� Sets of observables:
˘
FL, AFB, A2

T, S9

¯ {P 0
4, P 0

5, P 0
6, P 0

8}

� ...Clever ratios of angular terms

S.Cunliffe (Imperial) FFP14 Angular analysis of B0 � K�0µ+µ� 13/21

⌘ Correctly determining which is the kaon
and which is the pion is critical to this
measurement

⌘ The decay of a B0 to a vector K⇤0 particle offers large number of
experimental observables by analysing distribution of the final state decay
products

! 8 experimental observables
! Sensitive to the effect of new particles entering the loop

October 21, 2014 1 / 4

LHCb, JHEP 02 (2016) 104 

Belle, PRL 118 (2017) 111801 

CMS-PAS-BPH-15-008

ATLAS-CONF-2017-023



 angular analysis prospectsB0 → K*0μμ
• For ,  form factor uncertainties cause saturation at  → Will need theory to improve

• Large data set @Upgrade II, (~440 000 fully reconstructed  decays), it will make possible a 
precise determination of the angular observables in narrow bins of  or using a -unbinned approach

C9 C10 ∼ 30 fb−1

B0 → K*0μ+μ−

q2 q2

8

Figure 7.3: Experimental sensitivity to the P 0
5

angular observable in the SM, Scenarios I and
II for (left) the Runs 1–3 and (right) the Upgrade II data sets. The sensitivity is computed
assuming that the charm-loop contribution is determined from the data.
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Figure 7.4: Expected sensitivity for the Wilson coe�cients C 0
9

and C 0
10

from the analysis of the
decay B0 ! K⇤0µ+µ�. The ellipses correspond to 3� contours for the SM, Scenario III and
Scenario IV for (left) the Runs 1–3 and (right) the Upgrade II data sets.

The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.
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The major challenge for B! V `+`� decays is to disentangle NP e↵ects from SM contributions.
With a large data set it will be possible to probe the SM contributions, under the premise
that a genuine NP contribution is expected to have no q2 dependence, while e.g. a charm
loop contribution is expected to grow approaching the pole of the charmonia resonances. A
measurement using Breit-Wigner functions to parametrise the resonances, and their interference
with the short-distance contributions to the decay, is proposed in Ref. [338]. A similar technique
has already been applied to the Run 1 data for the B+ ! K+µ+µ� decay [339]. An alternative
approach using additional phenomenological inputs has also been proposed [340]. A precise
knowledge of the charm loop contribution and a parametric determination of the form factors,
will come from a combination of phenomenological and experimental methods and will allow C9

and C10 to be determined with great precision in b ! sµ+µ� transitions.
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[LHCb-PUB-2018-009] 

Table 7.1: Benchmark NP scenarios. The first scenario is inspired by the present discrepancies
in the rare decays, including the angular distributions of the decay B0 ! K⇤0µ+µ� and the
measurements of the branching fraction ratios RK and RK⇤ . The second scenario is inspired by
the possibility of explaining the rare decays discrepancies and those measured in the observables
R(D(⇤)). The third and fourth scenarios assume a small right-handed chirality coupling. The
Wilson coe�cients (Ci) are discussed in Sec. 7.3.2

scenario CNP

9
CNP

10
C 0

9
C 0

10

I �1.4 0 0 0
II �0.7 0.7 0 0
III 0 0 0.3 0.3
IV 0 0 0.3 �0.3

7.3 Flavour-changing b ! s`+`� and b ! d`+`� transitions

7.3.1 Introduction

Recent LHCb measurements of rare semileptonic decays show discrepancies with respect to SM
predictions. None of these deviations is by itself significant enough to be considered as evidence
for NP but global fits [310–312] show that they can be interpreted in a consistent picture, with
an O(1) NP contribution to the vector (and potentially axial-vector) coupling strength of the
decays. Regardless of whether these discrepancies are confirmed with additional data, the fact
that O(1) NP contributions are still allowed demonstrates the importance of making precise
measurements of b ! s`+`� and b ! d`+`� processes. The NP contribution can be associated
with new particles at mass scales well above the LHC energy reach, e.g. by a multi- TeV-scale Z 0

boson or a leptoquark. A precise determination of the e↵ective couplings, through measurements
of di↵erent b ! s`+`� and b ! d`+`� processes, is therefore critical to understand or constrain
the structure of any NP model.

In the rest of this section, a number of benchmark NP scenarios are considered (see Table 7.1).
Scenarios I and II are inspired by the current discrepancies. The first scenario is that which
best explains the present rare semileptonic decay data. The second scenario best explains
the rare semileptonic measurements if a purely left-handed coupling to quarks and leptons is
required for NP. This requirement is theoretically well motivated and arises in models designed
to simultaneously explain the discrepancies seen in both tree-level semitauonic and loop-level
semileptonic decays. The third and fourth scenarios assume that the current discrepancies are
not confirmed but there is instead a small contribution from right-handed currents that would
not be visible with the current level of experimental precision. These scenarios will serve to
illustrate the power of the large Upgrade II data set to distinguish between di↵erent NP models.
This power relies critically on the ability to exploit multiple related decay channels.

7.3.2 Theoretical framework

Flavour-changing neutral-current decays involving b ! s`+`� and b ! d`+`� transitions are
suppressed by the GIM mechanism in the SM and are therefore promising places to search for
e↵ects of NP. New particles that arise in extensions of the SM can contribute to the amplitude
of these decays with a similar strength to the SM processes. Feynman diagrams for SM and
possible NP extensions are shown in Fig. 7.2.
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Probing C7
•  transition rates proportional to 

• photon polarisation mainly LH

• BF's, CP asymmetries and photon polarisation 
precision improves with 300fb–1

• Access also to  with larger CP asymmetry 
expected

• Alternative way to measure photon polarisation 
is to use  decays at very low  
( )

b → sγ C7

b → dγ

b → se+e− q2

B → K*e+e−

9
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Figure 2: Distributions of the (left) K+⇡�e+e� invariant mass and (right) cos ✓K of B0! K⇤0�
candidates. The black points represent the data, while the solid blue curve shows the total
PDF. The signal component is represented by the dashed pink line and the shaded areas are
the background components, as detailed in the legend. The SL/C component is composed of
semileptonic and combinatorial backgrounds. The dashed vertical lines indicate the restricted
mass range used in the angular analysis.
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Figure 3: Distributions of the (top left) K+⇡�e+e� invariant mass, (top right) cos ✓`, (bottom
left) cos ✓K and (bottom right) �̃ variables of B0! K⇤0e+e� candidates in the reconstructed q2

range between (10MeV)2 and 0.25GeV2. The black points represent the data, while the solid
blue curve shows the total PDF. The signal component is represented by the dashed pink line
and the shaded areas are the background components, as detailed in the legend. The SL/C
component is composed of semileptonic and combinatorial backgrounds. The dashed vertical
lines indicate the restricted mass range used in the angular analysis.
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photon polarisation with significantly better precision than the combination of previous364

measurements.365
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of 3 fb
�1 of pp collision

s, recorded by the LHCb experiment during 2011 and 2012, are

used. The RK
⇤0 ratio is measured in two regions of the dilepton invariant mass squared

to be

RK
⇤0 =

(
0.66

+ 0.11

� 0.07
(stat) ± 0.03 (syst) for 0.045 < q

2 < 1.1 GeV2/c
4 ,

0.69
+ 0.11

� 0.07
(stat) ± 0.05 (syst) for 1.1 < q

2 < 6.0 GeV2/c
4 .

The corresponding 95.4% confidence level intervals are [0.52, 0.8
9] and [0.53, 0.9

4]. The

results, which represent the most precise measurements of RK
⇤0 to date, are compatible

with the SM expectation
s [26–35] at 2.1–2.3 standard deviations for the low-q2 region

and 2.4–2.5 standard deviations for the central-q
2 region, depending on the theoretical

prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-

tions [27–35] lead to predictions for RK
⇤0 in the central-q

2 region that are similar to the

value observed; smaller deviations are expected at low-q2 . The larger data set currently

being accumulated by the LHCb collaboration will allow for more precise tests of these

predictions.
19

Summary
FCNC processes are powerful tools to probe for NP and current anomalies in  

processes are suggesting possible effects. 

Update of the current analysis can possibly show an evidence of NP already with full 
Run2 data.

(Not shown today) LFV searches can strongly constraints the parameters space of several 
BSM models.

Future upgrades will provide the statistical power to discriminate between NP models, 
and provide access to additional observables.

b → sℓℓ

10
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 effective lifetimeB0
s → μ+μ−

• With 300fb–1 precise measurement of additional observables: 
effective lifetime  and time-dependent CP-asymmetry 

• Both sensitive to (pseudo-)scalar contribution, (CP)CS 

• Recent LHCb measurement: 

• Run5-6: 

• Assuming a tagging power ~3.7%,  @Run5-6:

•
• with a tagging power of ~8% and current analysis 

performance

•

τeff
μμ Sμμ

τeff
μμ = 2.04 ± 0.44 ± 0.05 ps

σ(τeff
μμ ) ∼ 2 %

Sμμ

σ(Sμμ) ∼ 0.2

σ(Sμμ) ∼ 0.1
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In Fig. 2, we illustrate the situation in the observable space
of the R-A!" plane. It will be interesting to complement
these model-independent considerations with a scan of
popular specific NP models.

Let us finally note that the formalism discussed above
can also straightforwardly be applied to BsðdÞ ! !þ!$

decays where the polarizations of the ! leptons can be
inferred from their decay products [10]. This would allow
an analysis of (13), where nonvanishing C" observables
would unambiguously signal the presence of the scalar S
term. Unfortunately, these measurements are currently out
of reach from the experimental point of view.

Conclusions.—The recently established width differ-
ence !"s implies that the theoretical B0

s ! #þ#$ branch-
ing ratio in (1) has to be rescaled by 1=ð1$ ysÞ for the
comparison with the experimental branching ratio, giving
the SM reference value of ð3:5% 0:2Þ & 10$9. The possi-
bility of NP in the decay introduces an additional relative
uncertainty of %9% originating from A!" 2 ½$1;þ1(.

The effective Bs ! #þ#$ lifetime !#þ#$ offers a new
observable. On the one hand, it allows us to take into
account the Bs width difference in the comparison between
theory and experiments. On the other hand, it also provides
a new, theoretically clean probe of NP. In particular, !#þ#$

may reveal large NP effects, especially those related to
(pseudo-)scalar ‘þ‘$ densities of four-fermion operators
originating from the physics beyond the SM, even in the
case that the B0

s ! #þ#$ branching ratio is close to the
SM prediction.

The determination of !#þ#$ appears feasible with the
large data samples that will be collected in the high-
luminosity running of the LHC with upgraded experiments
and should be further investigated, as this measurement
would open a new era for the exploration of Bs ! #þ#$

at the LHC, which may eventually allow the resolution of
NP contributions to one of the rarest weak decay processes
that nature has to offer.
This work is supported by the Netherlands Organisation

for Scientific Research (NWO) and the Foundation for
Fundamental Research on Matter (FOM).
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FIG. 2 (color online). Illustration of allowed regions in
the R-A!" plane for scenarios with scalar or nonscalar NP
contributions.

FIG. 1 (color online). Current constraints in the jPj-jSj plane
and illustration of those following from a future measurement of
the effective Bs!#þ#$ lifetime yielding the A!" observable.
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Figure 2. Present and future constraints on the real part of the Wilson coefficient CS , assumed
to satisfy the SMEFT relation. The vertical axis corresponds to the likelihood (containing experi-
mental and theoretical uncertainties), rescaled to equal maximum likelihood. The scenarios labeled
“Run 4” (dashed lines) correspond to eq. (3.6a), “Run 5” (solid lines) to eq. (3.6b). The “NP”
scenario (thin lines) predicts the same branching ratio as in the SM (thick lines), but opposite A∆Γ.
The shaded ranges correspond to 1σ (highest likelihood regions containing 68.3% of the integrated
likelihood).

We demonstrate this by performing the following fits of this Wilson coefficient:

• A fit to the present branching ratio measurement,

• A fit to a future measurement with the projected uncertainties in (3.6a) and (3.7)

assuming the experimental central values for the branching ratio and A∆Γ to equal

the SM central values (“SM scenario” with A ! 1),

• A similar “future” fit assuming the measured branching ratio to coincide with the

SM expectation, but the central value of A∆Γ to be −1 (“NP scenario” with A ≈ 1),

• The previous two fits also for the future scenario in (3.6b).

For these fits, we have combined the correlated experimental and theoretical uncertainties

into a likelihood function depending only on the Wilson coefficient, as described in [46] (and

implemented in flavio as FastFit). The result is shown in figure 2. We observe that

• the current measurement leaves two solutions with equal likelihood,5

• future measurements of A∆Γ will be able to completely exclude one of the two solu-

tions, depending on the sign of A∆Γ.
5We do not take into account the 2017 LHCb measurement of the effective lifetime that distinguishes

the two solutions at less than half a standard deviation, [8].
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 effective lifetimeB0
s → μ+μ−

• With 300fb–1 precise measurement of additional observables: 
effective lifetime  and time-dependent CP-asymmetry 

• Both sensitive to (pseudo-)scalar contribution, (CP)CS 

• Recent LHCb measurement: 

• Combined with CMS: 

• Run5-6: 

• Assuming a tagging power ~3.7%,  @Run5-6:

•
• with a tagging power of ~8% and current analysis performance

•

τeff
μμ Sμμ

τeff
μμ = 2.04 ± 0.44 ± 0.05 ps

τμμ = 1.91+0.37
−0.35 ps

σ(τeff
μμ ) ∼ 2 %

Sμμ

σ(Sμμ) ∼ 0.2

σ(Sμμ) ∼ 0.1
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 projectionsB0
(s) → μ+μ−

14
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LHCb upgrade

๏ Preparing upgrade for LHC Run 3 and 4
• Higher luminosity → collect 50/fb by the end of Run 4
• Upgrade to maintain performance and improve trigger 

capabilities

๏ Upgraded LHCb detector:
• More precise vertexing and tracking systems
• Completely new readout system: throughput of 32 Tbps
• Full software trigger on 500 modern GPUs

32

ICHEP2020, 28 July – 6 August 2020 

LHCb upgrades plan & strategy

Federico Alessio, CERN 6

LHCb Phase-I upgrade ongoing now during LS2 for Run3 and Run4

• full software trigger and readout all detectors at 40MHz

• replace tracking detectors + PID + VELO aQd ഡ a 2 [ 1033 sec-1 cm-2

• Consolidate PID, tracking and ECAL during LS3

LHCb Phase-II upgrade during LS4 beyond Run4 

• Use new detector technologies + timing to increase ഡ a 1.5 [ 1034 sec-1 cm-2

See ICHEP talk by Federico

Upgrade and plans

• Preparing the upgrade for Run3 and Run4 during LS2
• Full software trigger and new readout system, all detector at 40MHz (32 Tbps throughput)

• Replace tracking detectors + PID + VELO,  
• Consolidate PID, tracking and ECAL during LS3 

• Phase-II upgrade during LS4: 

• New detector technologies, 

ℒ = 2 × 1033 cm−2s−1

ℒ = 1.5 × 1034 cm−2s−1

15



Detector upgrade I

16

PID 
new detector + 

electronics

MUON 
new electronics

New Vertex Detector
improved IP 
resolution

New tracking 
stations

Calorimeters 
Reduced PMT gain + 

new electronics

Trigger-less readout & 
software trigger on GPU



Detector upgrade II

17

RICH with new 
photon detectos

, 
TORCH detector

σt < 100 ps/photon

ECAL with finer 
segmentation and 

timing with 
σt ∼ 20 − 50 ps

MUON with MPGD
(µ-RWELL), modified 

shilding

New Vertex Detector || 
smaller pixels, thinner 

sensors,
σt < 200 ps/hit

Si-strips

Improved granularity
Better radiation hardness

Better coverage for low momentum tracks
Timing to distinguish vertices

HW accelerators for online reconstruction
Trigger-less readoutAdditional 

tracking station



Lepton Flavour Universality tests
•  processes excellent probe to test for LUV 

effects 

•  is close to unity in SM, with very small 
uncertainties

• Extremely clean test: 

• cancellation of hadronic form-factors 
uncertainties in predictions 

• Possible deviation from QED corrections ~1% 
below  resonance

• Electrons are very challenging @LHCb!

b → sℓℓ

RK(*)

cc

18
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Decays involving b! s`
+
`
� transitions, where ` represents a lepton, are mediated by

flavour-changing neutral currents. Such decays are suppressed in the Standard Model (SM),
as they proceed only through amplitudes that involve electroweak loop diagrams. These
processes are sensitive to virtual contributions from new particles, which could have masses
that are inaccessible to direct searches for resonances, even at Large Hadron Collider
experiments.

Theoretical predictions for exclusive b! s`
+
`
� decays rely on the calculation of

hadronic e↵ects, and recent measurements have therefore focused on quantities where the
uncertainties from such e↵ects are reduced to some extent, such as angular observables
and ratios of branching fractions. The results of the angular analysis of the decay
B

0
! K

⇤0
µ
+
µ
� [1–9] and measurements of the branching fractions of several b! s`

+
`
�

decays [10–13] are in some tension with SM predictions [14–19]. However, the treatment
of the hadronic e↵ects in the theoretical predictions is still the subject of considerable
debate [20–30].

The electroweak couplings of all three charged leptons are identical in the SM and,
consequently, the decay properties (and the hadronic e↵ects) are expected to be the same
up to corrections related to the lepton mass, regardless of the lepton flavour (referred to
as lepton universality). The ratio of branching fractions for B! Hµ

+
µ
� and B! He

+
e
�

decays, where H is a hadron, can be predicted precisely in an appropriately chosen range
of the dilepton mass squared q

2
min < q

2
< q

2
max [31, 32]. This ratio is defined by

RH =

Z
q
2
max

q
2
min

d�[B! Hµ
+
µ
�]

dq2
dq2

Z
q
2
max

q
2
min

d�[B! He
+
e
�]

dq2
dq2

, (1)

where � is the q2-dependent partial width of the decay. In the range 1.1 < q
2
< 6.0GeV2

/c
4,

such ratios are predicted to be unity with O(1%) precision [33]. The inclusion of charge-
conjugate processes is implied throughout this Letter.

The most precise measurements of RK in the region 1.0 < q
2
< 6.0GeV2

/c
4 and

RK⇤0 in the regions 0.045 < q
2
< 1.1GeV2

/c
4 and 1.1 < q

2
< 6.0GeV2

/c
4 have been

made by the LHCb collaboration and, depending on the theoretical prediction used,
are 2.6 [34], 2.1–2.3 and 2.4–2.5 standard deviations [35] below their respective SM
expectations [20, 21, 33, 36–43]. These tensions and those observed in the angular and
branching-fraction measurements can all be accommodated simultaneously in models with
an additional heavy neutral gauge boson [44–47] or with leptoquarks [48–52].

This Letter presents the most precise measurement of the ratio RK in the range
1.1 < q

2
< 6.0GeV2

/c
4. The analysis is performed using 5.0 fb�1 of proton-proton collision

data collected with the LHCb detector during three data-taking periods in which the
centre-of-mass energy of the collisions was 7, 8 and 13TeV. The data were taken in
the years 2011, 2012 and 2015–2016, respectively. Compared to the previous LHCb RK

measurement [34], the analysis benefits from a larger data sample (an additional 2.0 fb�1

collected in 2015–2016) and an improved reconstruction; moreover the lower limit of the
q
2 range is increased, in order to be compatible with other LHCb b! s`

+
`
� analyses

and to suppress further the contribution from B
+
! �(! `

+
`
�)K+ decays. The results

supersede those of Ref. [34].

1

Bordone, Isidori, Pattori EPJC(2016)76:440  



Electrons
• Triggered on large energy deposit on calorimeter

• Electron ID based on calorimetric information

• Selection is a factor ~3 less efficient than muons

• Boosted b-hadrons from LHC collision: most electron 
emit hard bremsstrahlung 
photon

‣ momentum resolution 
heavily affected.  

19
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e+e− at LHCb: Bremsstrahlung
๏ Boosted B from LHC collision
• Most electrons emit hard 

bremsstrahlung photon
• If emitted before the magnet it 

affects the momentum measurement 

๏ Brem-recovery algorithm searches 
for compatible deposits in the 
calorimeter
• Recovery efficiency is limited 

(but well reproduced in simulation)
• ECAL resolution is worse than 

spectrometer (1-2% vs 0.5%)
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Figure 35: Electron identification e�ciency versus misidentification rate.
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e±

h±
Electron Bremsstrahlung

Electrons lose a large fraction of their energy through Bremsstrahlung radiation

Bremsstrahlung recovery procedure to improve momentum measurement for
electrons
! Look for photon clusters in the calorimeter (ET > 75MeV) compatible with
electron direction before magnet

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 16/43

16/40

Int.J.Mod.Phys. A 30, 1530022 (2015) 



 LFU testsB+ → K+ℓ+ℓ−

• Use of double ratio to further reduce systematics:

20

Phys. Rev. Lett. 122 (2019) 191801

Throughout this Letter B
+
! K

+
`
+
`
� refers only to decays with

1.1 < q
2
< 6.0GeV2

/c
4, which are denoted nonresonant, whereas B+

! J/ (! `
+
`
�)K+

decays are referred to as resonant. The nonresonant q
2 range excludes the resonant

B
+
! J/ (! `

+
`
�)K+ region and the high-q2 region that contains contributions from

excited charmonium resonances.
The analysis strategy is designed to reduce systematic uncertainties induced by the

markedly di↵erent reconstruction of decays with muons in the final state compared to
decays with electrons. These di↵erences arise due to the significant bremsstrahlung
emission of the electrons and the di↵erent signatures exploited in the online trigger
selection. Systematic uncertainties that would otherwise a↵ect the calculation of the
e�ciencies of the B

+
! K

+
µ
+
µ
� and B

+
! K

+
e
+
e
� decay modes are suppressed by

measuring RK as a double ratio of branching fractions,

RK =
B(B+

! K
+
µ
+
µ
�)

B(B+
! J/ (! µ

+
µ
�)K+)

�
B(B+

! K
+
e
+
e
�)

B(B+
! J/ (! e

+
e
�)K+)

. (2)

The measurement requires knowledge of the observed yield and the e�ciency to trigger,
reconstruct and select each decay mode. The use of this double ratio exploits the fact
that J/ ! `

+
`
� decays are observed to have lepton-universal branching fractions within

0.4% [53, 54]. Using Eq. (2) then requires the nonresonant B
+
! K

+
e
+
e
� detection

e�ciency to be known only relative to that of the resonant B+
! J/ (! e

+
e
�)K+ decay,

rather than the B
+
! K

+
µ
+
µ
� decay. As the detector signatures of each resonant decay

are similar to those of the corresponding nonresonant decay, systematic e↵ects are reduced
and the precision on RK is dominated by the statistical uncertainty.

After the application of selection criteria, which are discussed below, the four
decay modes B

+
! J/ (! µ

+
µ
�)K+, B

+
! J/ (! e

+
e
�)K+, B

+
! K

+
µ
+
µ
� and

B
+
! K

+
e
+
e
� are separated from the background on a statistical basis, using fits to the

m(K+
`
+
`
�) distributions. For the resonant decays, the mass mJ/ (K+

`
+
`
�) is computed

by constraining the dilepton system to the known J/ mass [54]. This improves the
electron-mode mass resolution (full width at half maximum) from 140 to 24.5MeV/c2 and
the muon-mode mass resolution from 30 to 17.5MeV/c2. The m(K+

`
+
`
�) fit ranges and

the q
2 selection used for the di↵erent decay modes are shown in Table 1. The selection

requirements applied to the resonant and nonresonant decays are otherwise identical. The
two ratios of e�ciencies required to form Eq. (2) are taken from simulation. The simulation
is calibrated using data-derived control channels, including B

+
! J/ (! µ

+
µ
�)K+ and

B
+
! J/ (! e

+
e
�)K+. Correlations arising from the use of these decay modes both for

this calibration and in the determination of the double ratio of Eq. (2) are taken into
account. A further feature of the analysis strategy is that the results were not inspected
until all analysis procedures were finalised.

The LHCb detector is a single-arm forward spectrometer covering the pseudorapidity
range 2 < ⌘ < 5, described in detail in Refs. [55, 56]. The detector includes a silicon-strip
vertex detector surrounding the proton-proton interaction region, tracking stations on
either side of a dipole magnet, ring-imaging Cherenkov (RICH) detectors, calorimeters
and muon chambers. The simulation used in this analysis is produced using the software
described in Refs. [57–62]. Final-state radiation is simulated using Photos++ 3.61
in the default configuration [60, 63], which is observed to agree with a full quantum
electrodynamics calculation at the level of 1% [33].

Candidate events are first required to pass a hardware trigger that selects either a high

2



 crosschecksB+ → K+ℓ+ℓ−

• Crosschecks universality in  resonances in all 
kinematic regions

• Can also test that RK measured at the  is 1 

cc

ψ(2S)
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Cross-check 4 & 5

• Measurement of the double ratio

R (2S) =
B(B+ ! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))
,

Result well compatible with unity:

R (2S) = 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,

and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous

determination [LHCb JHEP06 (2014) 133], but less precise owing to the

selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and

Run 2 samples is also found.
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Cross-check 3: rJ/ in 2D

• Repeat the exercise in 2D, to check against correlated e↵ects.

• Choose q2-dependent variables relevant for the detector response.

• Select B+
! K+J/ (`+`�) events in bins of this 2D space and compute rJ/ 

in each of them
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! Flatness of R2D
J/ plots gives confidence that e�ciencies are understood over all

phase-space
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Cross-check 4 & 5

• Measurement of the double ratio

R (2S) =
B(B+ ! K+ (2S)(µ+µ�))

B(B+ ! K+J/ (µ+µ�))

�
B(B+ ! K+ (2S)(e+e�))

B(B+ ! K+J/ (e+e�))
,

Result well compatible with unity:

R (2S) = 0.986 ± 0.013 (stat + syst)

! Good compatibility found separately for Run 1 and Run 2 datasets,

and in all trigger categories.

• Checked that the B(B+ ! K+µ+µ�) is compatible with previous

determination [LHCb JHEP06 (2014) 133], but less precise owing to the

selection being optimised for RK .

! Good compatibility between the measurements in the Run 1 and

Run 2 samples is also found.

P. Álvarez Cartelle (Imperial College London) LFU in B+ ! K+`+`� 28/43
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Cross-check 2: rJ/ as a function of kinematics
Check that e�ciencies are understood in all kinematic regions ! rJ/ is flat for
all variables examined
! e.g. given expected min(pT (`+), pT (`�)) spectra, bias expected on RK if deviations

are genuine rather than fluctuations is 0.1%
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rJ/ψ =
ℬ(B+ → J/ψ( → μ+μ−)K+)
ℬ(B+ → J/ψ( → e+e−)K+)

= 1



 LFU testsB+ → K+ℓ+ℓ−

• Measurement with 2011-2016 (~5 fb–1 at 
√s = 7,8 and 13 TeV) in central q2 bin 
[1-6]GeV2

‣
• Yield of ~766  events vs 

~1943  driving the total 
uncertainty:

‣ 7% statistical error vs 2% systematic

• RK is found to be lower than 1 by ~15% 

‣ Still compatible with the SM at  
level!

RK = 0.846+0.060
−0.054

+0.016
−0.014

B+ → K+e+e−

B+ → K+μ+μ−

2.5σ
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 LFU testsB0 → K*0ℓ+ℓ−

• Results use Run1 data ~3fb–1 of 
integrated luminosity

• Precision of ~17% in both bins, 
statistically dominated

• Upcoming Run1+Run2 analysis expected 
to reduce uncertainty by a factor ~2
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Table 5: Measured RK⇤0 ratios in the two q2 regions. The first uncertainties are statistical and
the second are systematic. About 50% of the systematic uncertainty is correlated between the
two q2 bins. The 95.4% and 99.7% confidence level (CL) intervals include both the statistical
and systematic uncertainties.

low-q2 central-q2

RK⇤0 0.66 + 0.11
� 0.07 ± 0.03 0.69 + 0.11

� 0.07 ± 0.05

95.4% CL [0.52, 0.89] [0.53, 0.94]

99.7% CL [0.45, 1.04] [0.46, 1.10]
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Figure 10: (left) Comparison of the LHCb RK⇤0 measurements with the SM theoretical predic-
tions: BIP [26] CDHMV [27–29], EOS [30, 31], flav.io [32–34] and JC [35]. The predictions are
displaced horizontally for presentation. (right) Comparison of the LHCb RK⇤0 measurements
with previous experimental results from the B factories [4, 5]. In the case of the B factories the
specific vetoes for charmonium resonances are not represented.

of 3 fb�1 of pp collisions, recorded by the LHCb experiment during 2011 and 2012, are
used. The RK⇤0 ratio is measured in two regions of the dilepton invariant mass squared
to be

RK⇤0 =

(
0.66 + 0.11

� 0.07 (stat) ± 0.03 (syst) for 0.045 < q
2

< 1.1 GeV2
/c

4
,

0.69 + 0.11
� 0.07 (stat) ± 0.05 (syst) for 1.1 < q

2
< 6.0 GeV2

/c
4
.

The corresponding 95.4% confidence level intervals are [0.52, 0.89] and [0.53, 0.94]. The
results, which represent the most precise measurements of RK⇤0 to date, are compatible
with the SM expectations [26–35] at 2.1–2.3 standard deviations for the low-q2 region
and 2.4–2.5 standard deviations for the central-q2 region, depending on the theoretical
prediction used.

Model-independent fits to the ensemble of FCNC data that allow for NP contribu-
tions [27–35] lead to predictions for RK⇤0 in the central-q2 region that are similar to the
value observed; smaller deviations are expected at low-q2. The larger data set currently
being accumulated by the LHCb collaboration will allow for more precise tests of these
predictions.
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RK* = {
0.66+0.11

−0.07 (stat) +0.03
−0.05 (syst) for 0.045 < q2 < 1.1 GeV2/c4

0.69+0.11
−0.07 (stat) +0.05

−0.05 (syst) for 1.1 < q2 < 6.1 GeV2/c4



LFU test with baryons

• First test of LU with b-baryons, using  decays, analogous to , expected 
to be unity in the SM  [Fuentes-Martin et al.] 

• Analysis performed using Run1 + 2016 dataset 

• Region considered for the measurement:  and 

• Efficiency crosschecked with resonant  component in  

Λ0
b → pKℓ+ℓ− R(K(*))

m(pK−) < 2.6 GeV/c2 0.1 < q2 < 6 GeV2/c4

J/ψ 6 < q2 < 11 GeV2/c4
24
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LFU test with baryons

• First observation of  with more 
than 7σ

Λ0
b → pKe+e−

ℬ(Λ0
b → pKe+e−)

0.1<q2<6GeV2/c4
= (3.1 ± 0.4 ± 0.2 ± 0.3±0.4

0.3) × 10−7

ℬ(Λ0
b → pKμ+μ−)

0.1<q2<6GeV2/c4
= (2.65 ± 0.14 ± 0.12 ± 0.29±0.38

0.23) × 10−7

RpK
0.1<q2<6GeV2/c4

= 0.86+0.14
−0.11 ± 0.05
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Prospects for  measurements in LHCbRX
• Precision driven by the electron 

mode and projection based on the 
current performances

• RK hitting QED uncertainty during 
Run 6

• Higher statistics will give access 
to additional observables such 
as Rπ

26

affected by NP contributions, which will put important constraints on the structure of these
contributions [121, 122].

In the case that there will be no change in the central value currently observed for RK and
RK* by the LHCb experiment, around 2025 both Belle-II and LHCb will be able to confirm
LU violation in b s ℓ ℓl � � transitions with a precision significantly larger than 5 σ. For
LHCb, the current systematic uncertainties are of the order of 4%–5%, but a significant part of
these is statistical in nature. Starting from 2018, the ATLAS and CMS experiments are
recording data with a B trigger in order to measure the RK and RK* ratios, however, the
expected precisions are not yet known.

Concerning angular observables, the LHCb collaboration has measured the P4a and P5a
observables in the B K0 0* N Nl � � decay mode [135] with a precision of the order of 11%.
An angular analysis of the B K e e0 0*l � � decay has been performed in a different q2 region
with an observed yield of about 120 events [236]. An extrapolation of this work indicates that
it should be possible to distinguish between different NP scenarios using these modes [235].
In the case of Belle-II, the precision on the Q4 and Q5 observabls is expected to reach about
5% for the three q2 bins (1–2.5, 2.5–4 and 4–6 cGeV2 4) [234].

The size of the LHCb data sample after the Upgrade-II (300 fb 1� )makes this a unique place
to search for LU breaking in b d ℓ ℓl � � due to the smallness of their branching fractions. In
particular, the expected statistical precision for R B B e e� �Q N N Q� l lQ

o o � � o o � �( ) ( ) in
the q2 range between 1.1 and 6 cGeV2 4 is around 4%.

9.3. Additional observables

The LU deviations observed in both FCCC and FCNC b-quark decays can be analysed by
invoking NP occurring through different kinds of operators (in the EFT approach) or different

Figure 25. Projected uncertainty for various RHs ratios from the Belle-II and LHCb
experiments (years are indicative) in the range q c1 6 GeV2 2 4_ � � . The Belle-II
values include estimates of the evolution of the systematic uncertainties (for RK*, the
charged and neutral channels have been combined). The LHCb uncertainties are
statistical only (the precision of all measurements will be dominated by the size of the
available data samples except for RK and RK* at 300 fb 1� ).
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Test of LFU with  decaysB0
(s) → e+e−

• Helicity suppressed by  relative to 

•

•

• NP effects could increase BFs by 

• Current analysis performed on Run1+2015+2016 data

• Signal extracted from UML fit on 

‣
‣

𝒪(10−4) B0
(s) → μ+μ−

ℬ(B0
s → e+e−) = (8.35 ± 0.39) × 10−14

ℬ(B0 → e+e−) = (2.39 ± 0.14) × 10−15

𝒪(106)

me+e−

ℬ(B0
s → e+e−) < 11.2 × 10−9 at 95 % CL

ℬ(B0 → e+e−) < 3.0 × 10−9 at 95 % CL
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Prospects
•  already probing possible LUV 

scenarios

• Potential backgrounds like  
might become relevant with larger statistics

• Electron reconstruction/PID unknown after 
UpgradeII 

• Also  even if far from SM 
expectations still powerful tool to 
constraint NP Leptoquark models

• Run1:  

• 300 fb–1: 

B0
s → e+e−

B0
s → e+e−γ

B0
(s) → τ+τ−

ℬ(B0
(s) → τ+τ−) < 6.8 × 10−3@95 % CL

ℬ(B0
(s) → τ+τ−) < 2.6 − 5 × 10−4@95 % CL
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Private	extrapolation	of	current	
result	by	LHCb	with	∫ℒ


